We present longitudinal and Hall magnetoresistance measurements of a ''magnetic'' two-dimensional electron gas formed in modulation-doped Zn 1ϪxϪy Cd x Mn y Se quantum wells. The electron spin splitting is temperature and magnetic field dependent, resulting in striking features as Landau levels of opposite spin cross near the Fermi level. Magnetization measurements on the same sample probe the total density of states and Fermi energy, allowing us to fit the transport data using a model involving extended states centered at each Landau level and two-channel conduction for spin-up and spin-down electrons. A mapping of the extended states over the whole quantum Hall effect regime shows no floating of extended states within experimental resolution as Landau levels cross near the Fermi level.
I. INTRODUCTION
When a perpendicular magnetic field is applied to a twodimensional electron gas ͑2DEG͒, the electron energy levels become quantized into highly degenerate Landau levels ͑LL's͒ that are broadened by the presence of disorder. The degeneracy of these levels increases linearly with the magnetic field as does the LL splitting. In the case of conserved number of electrons, this gives rise to a density of states at the Fermi energy that oscillates as a function of applied field, resulting in Shubnikov -de Haas ͑SdH͒ oscillations of the resistance, or de Haas -Van Alphen ͑dHvA͒ oscillations of the magnetization. 1 Each broadened LL has a ''mobility edge'' separating localized states in the tail regions from extended ͑delocalized͒ states in the central region of the LL. The interplay between the extended and localized states in this simple physical system has given rise to rich physics, ranging from the integer quantum Hall effect ͑IQHE͒ ͑Ref. 2͒ to the magnetic field induced metal-insulator transition. 3, 4 The nature of the mobility edge in each LL is the subject of ongoing study. Single-particle theory predicts that at zero temperature in a finite magnetic field, there should be a single energy E c at which the localization length diverges (ϰ͉EϪE c ͉ Ϫ , Ӎ7/3) leading to a delocalized state, 5 which agrees with measurements on low mobility samples. 6 However, at nonzero temperature the inelastic scattering length l in gives an upper bound to the effect of the localization, and hence in the finite range of energies around E c when Ͼl in the electrons are delocalized. 5 Contrasting experiments have found a finite temperature-independent width to the extended states at low temperatures, 7 which agrees with predictions for high mobility 2DEG's due to electronelectron interactions. 8 Even at the lowest temperatures, variable range hopping conductivity between the localized states outside the mobility edge 9 can dominate over activated transport to the extended states when the Fermi level lies in the localized states. The detailed form of the temperature dependence of both the hopping conductivity and the width of the extended states is not well established. 10 Particularly interesting aspects of 2DEG physics are anticipated when circumstances allow for the overlap of different LL's and their possible mixing. Scaling models 11 predict insulating behavior for a noninteracting 2DEG at zero magnetic field as T→0, which is in direct contrast to the presence of extended states at the center of each LL in a finite magnetic field. To reconcile these limits a ''floating'' of the extended states to higher energy as B→0 has been predicted, 12, 13 though no microscopic mechanism for this behavior was initially given. Calculations predict that LL mixing at vanishing magnetic fields may be responsible for a ''floating'' of extended states to higher energies.
14 Two experiments 15, 16 have reported observation of the floating of the extended states; however, clean experimental studies of the consequences of LL mixing at small magnetic fields are problematic since the existence of LL's requires finite magnetic fields where the splitting of LL's is greater than their broadening. This has motivated investigations of 2DEG's in which LL crossings are purposely engineered away from zero magnetic fields in the regime of quantum transport. 17, 18 The basic phenomena of the IQHE, and the discussion of localization above, do not explicitly depend on the spin of the electron, and hence many models treat the conduction as occurring through a gas of ''spinless fermions'' ͑e.g., Ref.
19͒. However, there are phenomena that do depend explicitly on the spin of the electrons, including the formation of skyrmions 20 and, as shown recently, both the zero-field metal-insulator transition 21 and the formation of so-called ''stripe phases'' at high LL's. 22 Perhaps the most important consequence of the electron spin splitting ⌬E s is on the form of the LL energy spectrum: if ⌬E s can be tuned to be comparable to both the cyclotron energy ប c and the Fermi energy E F , then the LL's of opposite spin can be made to cross near E F , allowing transport measurements to probe the effect of this crossing on the extended states. Tilted field mea-surements and asymmetric quantum wells 23 both allow this tuning, although tilting the magnetic field leads to direct mixing of the Landau levels and the splitting due to inversion asymmetry behaves differently from Zeeman splitting. 21 An alternative way of tuning these energies is to exploit the unique properties of modulation-doped diluted magnetic semiconductor quantum wells wherein the s-d exchange interaction between confined electrons and local moments (Mn 2ϩ ) results in a temperature-and magnetic fielddependent amplification of the ''bare'' Zeeman energy. 24, 25 This exchange interaction term in the Hamiltonian depends only on the spin of the electrons, and is manifested in transport experiments simply as an amplified Zeeman energy. Previous studies of this system have concentrated on the regime where ⌬E S уE F , in which the 2DEG is strongly spin polarized. 4, 26, 27 In this paper, we have measured both the magnetization and the magnetoresistance of samples taken from the same wafer in the regime where LLs cross in the IQHE regime. These complementary measurements allow the determination of both the DOS and the density of extended states ͑DOES͒ near and away from the centers of the LL's. By measuring the location of the extended states within each LL, we explicitly look for floating of these states; by engineering crossings of the LL's at high magnetic field, we are able to arrange a condition where mixing and floating might occur.
The experiments reveal striking anomalies in the magnetic field and temperature dependence of the sheet and Hall resistance ( xx and xy , respectively͒. The data is successfully modeled using a simple model for the magnetoresistance, based on independent density of states for localized and extended states for both spin up and down electrons. The model quantitatively reproduces the anomalies in both the magnetization and magnetoresistance data that include amplitude and phase modulation of the SdH and dHvA oscillations. Since the model does not include floating of the extended states, LL mixing or many-body effects, it implicitly excludes these effects at the level of agreement between the data and the model.
II. EXPERIMENTAL METHODS
The samples used in this study are grown by molecular beam epitaxy ͑MBE͒ and consist of a modulation-doped Zn 1ϪxϪy Cd x Mn y Se quantum well located between ZnSe barriers. In order to allow for complementary magnetometry measurements on the same sample ͑reported in more depth elsewhere 28 ͒, an MBE-grown ͑100͒ GaAs/GaAlAs heterostructure is used as a substrate. This paper focuses on a sample in which the active 2DEG layer is deposited on a 1 m thick ZnSe buffer layer and consists of a modulationdoped 10.5 nm (ϳ35 monolayers͒ quantum well region in which 1/16 monolayer of MnSe is inserted every 7 monolayers of Zn 1Ϫx Cd x Se ͑giving an average Mn composition of about 0.9%͒. The doping is provided by 20 nm of n-doped ZnSe:Cl separated by 12 nm of undoped ZnSe on either side of the quantum well. We note that the results shown here are qualitatively similar to those seen in other samples with similar composition.
Magnetoresistance measurements are carried out using standard dc techniques ͑excitation current Ͻ30 nA) on mesa-etched Hall bars (1600ϫ400m) at low temperature (330 mK→7 K) in a pumped helium-3 cryostat in magnetic fields up to 8 T. Electrical contacts to the 2DEG are made by first removing the oxide from the surface with an etch of Na 2 HSO 3 and using diffused indium contacts annealed in a forming gas atmosphere for 15 min. Electron density in the 2DEG is varied electrostatically with an evaporated gold gate, separated by a spun-on insulator ͑ben-zocyclobutene͒. Additional measurements carried out at lower temperatures in a dilution refrigerator confirm that the data does not change in any qualitative manner at temperatures below 300 mK. Magnetization is measured over a comparable range of temperature and magnetic field using cantilevers fabricated out of the same wafer. Finally, magnetophotoluminescence measurements are used to deduce the spin splitting of conduction band states ⌬E S . a strong positive magneto-resistance at low fields; as is generally seen in doped diluted magnetic semiconductor samples, this effect becomes larger with at lower temperature and lower carrier density. 26, 30 SdH oscillations are visible above ϳ0.7 T in Fig. 1 , while in Fig. 2 , xy shows oscillations at moderate fields before showing properly quantized Hall plateaus for the lowest temperatures. Deriving the electron concentration n from the slope of xy at low field ͓n ϭ(2.8Ϯ0.1)ϫ10
11 cm Ϫ2 ͔, we assign LL filling factors ϭ(hn)/(eB ) to the minima of the xx oscillations occurring at a field B , and find that increments by approximately 1 between each oscillation, indicating that the spin degeneracy of the Landau Levels has been lifted. However, the SdH oscillations are not periodic in 1/B as seen in Fig. 3 . In other words, the assignment of integral values of the filling factor for each minimum is not correct-the minima in the Shubnikov-de Haas oscillations do not occur when LL's are full, even at the lowest temperatures. Furthermore, the figures also shows that some of the SdH minima shift to lower magnetic fields ͑higher 1/B) with increasing temperature. It is important to note that the magnetic field dependence of xy is linear before the onset of the quantum Hall effect, indicating that the carrier density does not change with magnetic field. 31 The most striking feature in xx is a small oscillation around 3.2 T (ϭ4), preceded by a large peak and accompanied by a distortion of the plateau in xy at 3 T. The minimum in xx at 3.2 T is seen up to higher temperatures ͑4.2 K͒, while the large minimum at 3.7 T disappears as temperature is increased. A reduction in carrier density ͑and hence E F ) using electrostatic gating rapidly destroys the small oscillation ͑Fig. 4͒, and makes the SdH oscillations more regular ͑i.e., at larger applied voltage, the oscillations are closer to periodic in 1/B). We note although the thick insulator layer requires the application of large gate voltages to change the carrier density, we do not observe any measurable current flow (Ͻ10 pA) from the gate to the 2DEG. Gating also dramatically increases the low field positive and high field negative magnetoresistance-consistent with previous studies of magnetic 2DEG's ͑Ref. 26͒ and bulk diluted magnetic semiconductors. 30 The aperiodicity in inverse magnetic field and shifts with temperature observed in the SdH oscillations are also seen in dHvA oscillations measured using cantilever magnetometry. In this technique, the sample is fashioned into a micromechanical cantilever that is oscillated in a magnetic field at its resonant frequency 0 . The magnetization M in the 2DEG produces a shift in 0 proportional to M. de Haas-Van Alphen oscillations are readily observed after subtracting a smooth background due to the Mn ions ͑Fig. 5͒. As in the case of the SdH oscillations measured in magnetotransport, the phase of these quantum oscillations shifts with magnetic field and temperature.
IV. ANALYSIS
In order to understand these phenomena, we have developed a model based on the LL energy spectrum. In a magnetic 2DEG, the energy of an electron in a LL with spin up ͑ϩ͒ or down ͑Ϫ͒ is given by
where lϭ0,1,2, . . . is the level index, c is the cyclotron frequency, and ⌬E S is the spin splitting which in diluted magnetic semiconductors follows the empirical form
͑2͒
Here, ⌬E S max is the saturation value of the spin splitting, B 5/2 is the spin-5/2 Brillouin function and TϩT 0 is an effective temperature. The Fermi energy is set by the constant number of electrons in the quantum well n and is calculated by numerically integrating the DOS g(,B,T) with the Fermi-
We model the DOS for electrons in the 2DEG using the energy levels of Eq. ͑1͒ with a broadening due to disorder of width ⌫(B). This model is used to fit the magnetization of the 2DEG, which is proportional to the derivative of the free energy F
͑4͒
with respect to B, and thus is sensitive to the DOS. The resulting best fit is shown in Fig. 5 , with parameters ⌬E S max ϭ7.7 meV, T 0 ϭ1.55 K, and nϭ2.94ϫ10 11 cm Ϫ2 .
Remarkably, as shown in Fig. 5 , this simple form reproduces the features of the field-and temperature-dependence of the magnetization without any additional parameters. The spin splitting ⌬E S max and effective temperature T 0 may also be determined independently through the temperature and magnetic-field dependence of the photoluminescence, since the energy of recombining excitons is perturbed by the amplified Zeeman energy. 24, 29 Measurement of this sample at 6 K ͑not shown͒ is in good agreement for ⌬E S max and T 0 .
The form of the broadening ⌫ is best modeled with a Gaussian with a variable width of ⌫ϭ0.36B 1/2 meV. Models using Lorentzian broadening and Gaussian broadening with fixed width resulted in poorer fits. An example of the resulting DOS ͑at Tϭ0.35 K) is shown as a gray-scale plot in Fig. 6. Figures 7͑a͒ and 7͑b͒ show how the LL energy diagram and Fermi level change with temperature. Note how Lower field data is shown on a magnified scale in ͑c͒. ͑b͒, ͑d͒ Calculated magnetization for each of the temperatures in ͑a͒ and ͑c͒ using the parameters from the fit described in the text ͑Ref. 28͒.
FIG. 6. Gray scale plot of the total density of states as calculated for the same model as described in the text at Tϭ350 mK, with the Fermi energy E F indicated in white. The center of each LL is plotted in Fig. 5͑a͒ . the spin-up LL's come down in energy as temperature increases, sweeping through the spin down LLs and producing degeneracies near the Fermi level.
The extension of this calculation to simulate the magnetoresistance requires choosing a specific form for the density of extended states g ext ls (,B,T). As discussed in the Introduction, this DOES should be singular at a mobility edge E c ϭE l in each LL l at zero temperature ͑see Fig. 8͒ . Conduction from the extended states will occur only at the points where E F ϭE c l for each LL. Variable range hopping ͑VRH͒ between localized states will contribute to conduction at low temperatures even if thermal activation to the extended states is negligible. At finite temperature, the DOES has a finite width about the center of each LL E l ϮE c . The temperature dependence of E c and the VRH is not well known, and are difficult to discern from each other, particularly in samples where each LL is inherently rather broad due to lower mobility, as in this case. More complicated models involving many-body processes or LL mixing could change the functional forms from those predicted in simple theory. Instead of trying to fit to such a complicated form, we instead model this density g ext ls (,B,T) by assuming a LL of index l and spin s has, at its center, a region of extended states given by a Gaussian of width ⌫ ext s ͑independent of B). This form phenomenologically ͑yet nonphysically, since the DOES must be identically equal to the DOS within the mobility edge͒ accounts for a finite energy spread of the extended states 5 and variable-range hopping conductivity through localized states, 10 yet does not attempt to determine specific functional forms for the contributing factors.
The resistivity of each electron spin channel is then calculated independently and is given by
where f is the Fermi function and E F is determined from Eq. ͑3͒ which includes the total density of states measured in Ref. 28 and reproduced in Fig. 5 . The sheet resistance xx s ͓Eq. ͑5͔͒ includes a prefactor 0 that is assumed to be independent of the LL index l and the spin s. This model makes no attempt to account microscopically for the strong positive ͑at low field͒ and negative ͑at higher field͒ background magnetoresistance seen in all II-VI magnetic semiconductors and attributed to bound magnetic polarons 33 and exchangeenhanced electron-electron interaction effects. 26 The form of the Hall resistance xy s ͓Eq. ͑6͔͒ is essentially calculated by counting the number of extended states below E F , now extended to be a continuous variable, and multiplying by the quantum of conductance. The resistance tensor is determined by adding the conductances s through each spin channel s obtained by inverting the tensor 8 . Schematic of the models of the total and delocalized density of states in a 2DEG in the presence of Landau levels. The broad Gaussians represent the DOS while the extended states are ͑a͒ a single delta function of extended states within each level is surrounded by localized states which contribute to the conduction by variable range hopping; ͑b͒ the extended states have broadened to a band of width 2E C , and variable range hopping conduction still occurs between the localized states in the tails of each LL; ͑c͒ the model used in this paper-conduction due to extended states and hopping are both phenomenologically included in a band of extended states with a Gaussian profile.
By using the above model for the resistance, we implicitly assume that LL mixing and floating of the extended states are unimportant in this regime; deviations from the model would be an indication of these phenomena. Figures 9 and 10 show the simulated xx and xy at various temperatures using ⌬E S max ϭ7.2 meV, T 0 ϭ1.55 K, nϭ2.9ϫ10 11 cm Ϫ2 , and
-all in good agreement with the fitting of the independent magnetization and photoluminescence data. The width of the extended states is best fit using widths of ⌫ ext ↓ Ӎ0.25 meV for spin down electrons and ⌫ ext ↑ Ӎ0.05 meV for spin up electrons. These parameters model the data well over the whole temperature range.
The model also provides a physical basis for understanding the various anomalies observed in the transport data. First, the unusual aperiodicity of the SdH oscillations arises simply from the variable overlap of the extended states of LL's for spin up and down electrons cross. The temperaturedependent shift of the SdH extrema can be traced to the temperature variation of the spin splitting ͓Eq. ͑2͔͒ which changes the LL spectrum. The negative differential Hall resistance seen at low magnetic fields is a consequence of the differing widths ⌫ ext s for the extended states: as the magnetic field is increased, the Fermi level oscillates and LL's become emptied, the integrated density of extended states below the Fermi level can increase with magnetic field in narrow regions even though the total density of states ͑both localized and extended͒ below the Fermi level is constant. This increase in extended states leads to a decreasing xy as seen in Eq. ͑6͒.
The anomalous oscillation in xx at 3.2 T remarked upon earlier, is due to the ͉0,↑͘LL crossing E F near the field where ͉3,↓͘LL also crosses. 34 As temperature is increased, the spin up level crosses at a higher field due to the decreased spin splitting, allowing the oscillation to be more easily resolved ͑see Fig. 7͒ . This oscillation is much smaller than those due to spin down LL's because there are fewer spin up LL's below E F , causing xy ↑ to be large ͓Eq. ͑5͔͒. Hence, the spin up LL's contribute less to the overall conductivity than spin down LL's. This effect also explains why the spin up LL's crossing E F at lower field produce only a slight modulation of the SdH oscillations. The difference in extended state widths ⌫ ext suggests that the minority spin electrons are more localized than the majority spin electrons and this may influence the low-field positive and high field negative magneto-resistance. Decreasing the sheet density n using the electrostatic gate lowers E F away from the region of the energy diagram where LL crossings occur. Hence, the anomaly at ϳ3 T disappears and the overlap between LL's is decreased overall, leading to more regular SdH oscillations.
The complementary measurements of magnetization and transport in this study provide a powerful means to determine the shape of the distribution of the extended states. In the preceding discussion, we assumed a specific analytic form g ext for the extended states; however, we can use the resistivity to approximately map out the conducting states directly. In the regime where a spin down LL ͉l,↓͘ crosses E F , the total resistance approximates the spin down channel resistance ͓ xx (B)Ӎ xx ↓ (B)͔ and is proportional to the density of conducting states convolved with the derivative of the Fermi function ͓Eq. ͑5͔͒. Using the knowledge of E F and the LL spectrum obtained from the magnetization, we transform xx (B) into xx (E), where EϭE F ϪE ͉l,↓Ͼ is the energy separation of the center of the LL from E F . Thus, the combination of data from the two experiments allows a spectroscopy of the conducting states as E F passes through a LL. Figure 11 shows the temperature dependence of xx through the ͉2,↓͘LL ͑about 4.5 T͒. As the temperature is increased, the ͉0,↑͘LL drops below E F in this region, leading to a displacement of the shoulder on this peak from low to high energy. The vertical line in each plot indicates the position of the ͉0,↑͘ level, i.e., E ͉0,↑͘ ϪE F at the point where E F ϭE ͉2,↓͘ , and clearly corresponds to the shoulder seen in the xx peak. As ͉0,↑͘ and ͉2,↓͘ become degenerate near E F , no shifting of the xx peak is seen from zero energy. While the absence of such a shift may rule out floating of the extended states, 16, 15 it could be masked due to slight differences of our model LL spectrum from the actual behavior. The derivative of the Fermi function for each temperature is plotted for comparison, showing the resolution within which this floating of the extended states is excluded. We note that this simple crossing of two LL's of opposite spin, well separated from others, is quite different than the case at low field where all LL's overlap. Figure 11 also shows that-at low temperatures-a simple delta function for the extended states is not sufficient to explain the data, nor is a finite width to the extended states alone enough to reproduce the data. Variable-range hopping, which gives an exponential form to the conductivity away from the LL center, 9 must be included to give the peaks sufficient width with a shape which matches the data. This justifies the phenomenological Gaussian form for g ext ls (,B,T) used earlier. In a sample whose LL structure does not change with temperature ͑such as a GaAs/AlGaAs modulation doped 2DEG͒, this method of combined magnetization and transport measurements should allow the determination of the full form of the conduction through variable range hopping and extended state transport in the QHE regime, and allow a more rigorous test for floating states at high magnetic field.
In summary, measurements of the magnetoresistance and Hall effect in 2DEG's, where the spin splitting is comparable to the Fermi level show the effects of accidental degeneracies as LL's cross near the Fermi level. The resulting anomalous SdH oscillations are well described using a model involving extended states centered at each Landau level and two-channel conduction for spin-up and spin-down electrons. The complementary measurement of magnetization and transport measurements on the same sample allow us to probe the location of the extended states away from the SdH minima. The crossing of LL's for electrons of opposite spin at large magnetic field does not cause mixing of the LL's nor does it induce a shifting of the positions of the extended states, within the resolution of the experiment. 
